I. INTRODUCTION
Intrinsic plasma flows, those fluid motions naturally arising in confined plasmas without external momentum input, have received much attention recently because of their importance for the success of future devices like ITER. 1, 2 These flows are driven by fluctuationinduced stresses and are often associated with the transport of other quantities like particles and energy. 3 Nearly all toroidal plasma systems rotate spontaneously to some degree. Reversed field pinch (RFP) plasmas exhibit intrinsic flows in both the poloidal and toroidal directions.
Much previous work has been done to measure and understand the plasma flows in the RFP. Passive Doppler spectroscopy has been used in a number of devices to measure impurity ion flows in both the core and the edge. [4] [5] [6] [7] [8] [9] Insertable probes of various kinds have also been used to measure ion flows and the associated radial electric fields in the edge. [10] [11] [12] [13] The intrinsic toroidal flows in large present-day devices can be significant ($0-60 km/s) and are always in the cocurrent direction in the core. The toroidal flow in the edge (which is mostly perpendicular to B in the edge of the RFP) is generally opposite in direction to the flow in the core. The poloidal flows are smaller than the toroidal ones ($0-10 km/s) and also commonly exhibit a sign reversal between the core and the edge.
One of the motivations for studying flows in the RFP has historically been the strong connection between the rotation of large scale magnetic fluctuations and the plasma flow. In fact, the motion of resonant tearing modes has often been used to infer the motion of the plasma, assuming that the modes move with the plasma near the mode resonant surface. [13] [14] [15] [16] [17] Intrinsic flow drive mechanisms cause the plasma and modes to rotate spontaneously in the lab frame, and the Maxwell and Reynolds stresses produced by the modes also act back on the flow profile. 13, 18 The relaxation of the current profile that is mediated by the modes is accompanied by forces that modify the flow profile as well. 13, 19 Interaction of the modes with surrounding conducting walls and with magnetic field errors can also have a strong effect on the plasma rotation in the RFP. 17, [20] [21] [22] These effects are interesting scientifically but are also important to understand on a practical level. For example, the locking of the modes to the wall and the associated increase in plasma-wall interaction has often been an important limitation on RFP operation. 23, 24 The relative motion of modes and plasma and the prevention of mode locking are also very important in tokamaks. [25] [26] [27] Measurements of the "kinetic stress" in the Madison Symmetric Torus 28 (MST) recently provided strong evidence that much of the intrinsic flow in the core of the RFP may be the result of this mechanism. 29 The kinetic stress arises due to a correlation between fluctuations in plasma pressure and magnetic field. During times where the fluctuations are suppressed by inductive current profile control, 30 the kinetic and other stresses that drive intrinsic rotation in standard RFP plasmas are significantly reduced in the core. Recent measurements in the edge of these plasmas revealed new high frequency fluctuations and zonal flows in the region where the steepest density and temperature gradients exist. 31 Previous measurements of flow profiles in these Pulsed Parallel Current Drive (PPCD) plasmas have been limited to the extreme edge due to diagnostic limitations.
In this paper, we describe the first localized flow profile measurements by charge exchange recombination spectroscopy (CHERS) in a reversed field pinch. A diagnostic neutral beam 32 and custom highthroughput spectrometer 33 are used to make fast time-resolved measurements of carbon flows during periods of improved confinement in MST. The CHERS system on MST has been used in the past to measure impurity ion temperature, 34, 35 impurity ion densities, 36 and ion velocity fluctuations associated with the tearing modes. 37 Recent improvements in absolute wavelength calibration have enabled equilibrium impurity ion flow profile measurements for the first time.
Our measurements show that the ion flow in MST is primarily parallel to the mean magnetic field in the core and is peaked on the axis. As PPCD proceeds and the plasma confinement improves, the toroidal flow in much of the plasma gradually slows, coincident with a slowing of the dominant tearing mode rotation and consistent with a lack of substantial intrinsic flow drive. However, a small region near the magnetic axis does not slow down, resulting in the development of a strongly sheared flow profile near the axis. We directly examine the connection between tearing mode rotation and ion flows in these discharges and find that the mode rotation is strongly correlated with the ion flow at the resonant surface and weakly correlated with the flow away from the resonant surface. Somewhat surprisingly, the mode rotation is much better correlated with the toroidal flow than with the poloidal flow which is largely unaffected during the slowing down of the modes and toroidal flow. We evaluate various potential mechanisms for the observed momentum loss during PPCD and conclude that the best explanation is a drag on the plasma produced by eddy currents in the conducting shell which are generated by the rotation of the dominant tearing mode.
The presentation of these results is organized as follows: in Sec. II, we describe the experimental setup and diagnostics used. In Sec. III, we describe the method used for absolute wavelength calibration of the spectrometer which enabled these measurements for the first time. Section IV describes the flow profile measurements in PPCD plasmas with CHERS and places them in context relative to other measurements of flows in RFP plasmas. In Sec. V, we examine the connection between the tearing mode rotation and plasma flow and directly test the commonly held assumption that the mode phase velocity is indicative of the plasma flow at the resonant surface. In Sec. VI, we evaluate different potential mechanisms for the momentum loss observed during PPCD and show why the drag from eddy currents in the conducting shell is the most important. Finally, in Sec. VII, we summarize our results and draw conclusions.
II. EXPERIMENTAL SETUP AND DIAGNOSTICS
MST is bounded by a conducting shell with a major radius of R ¼ 1.5 m and a minor radius of a ¼ 0.52 m. The experiments described in this paper were done at high plasma current, I p ¼ 500 kA, in deuterium. The well-developed Pulsed Parallel Current Drive (PPCD) technique was used to achieve periods of improved confinement. 30 During PPCD, the inductive poloidal and toroidal electric fields at the plasma boundary are manipulated to drive additional current along the magnetic field in the edge. Figure 1 (a) shows the toroidal magnetic flux which drops significantly when PPCD is applied from approximately 10 to 20 ms. After a brief transition period that can last a few milliseconds, the broad spectrum of tearing mode activity typical of standard RFP plasmas is reduced. Confinement improves as illustrated by the increase in soft x-ray (SXR) emission shown in Fig. 1(b) . Brief interruptions in the improved confinement sometimes occur due to bursts of magnetic fluctuation activity, causing a sudden drop in the SXR emission. A small burst of this type occurs in the discharge shown around 13 ms. For our analysis, we consider only discharges with long burst-free periods and limit our analysis of flow and mode rotation to burst-free periods. The largest of the tearing modes in PPCD discharges in MST is the (m, n) ¼ (1, 6) mode, and the toroidal phase velocity of this mode is often used as a proxy for toroidal plasma rotation in MST. This mode is resonant in the core (see Fig. 2 ) and hence is expected to have a phase velocity that is closely related to the plasma velocity in that region. The phase velocities of the magnetic modes are measured with a toroidal array of coils at the plasma boundary. Figure 1(c) shows that the n ¼ 6 mode velocity has a complicated behavior prior to the onset of improved confinement but decays smoothly during the burst-free period. The rate of decay is not the same for all discharges. In some cases, the mode locks (no rotation in the lab frame) part way through PPCD while in other cases, like the one shown in the figure, rotation continues for the entire discharge. During the bursty MHD activity prior to PPCD onset or after PPCD has ended, it is common to see the mode velocity increase due to various intrinsic flow drive mechanisms that can be very large during periods of high fluctuations. 13, 29 However, during the improved confinement period, we observe only decay of the mode rotation rate. The intrinsic flow drive seems to be weak or absent during the improved confinement period. All impurity ion velocity measurements in this paper were made with the CHERS diagnostic. 33, 35, 38 A 50 keV diagnostic neutral hydrogen beam stimulates charge exchange with C þ6 ions. The resulting C þ5 ions emit light that is Doppler shifted and Doppler broadened. The excited state lifetime is short enough ($1 ns) with respect to the ion gyrofrequency ($14 MHz) that the measured Doppler shift is representative of the impurity ion motion prior to charge exchange with the beam. We use the 343.4 nm C VI line corresponding to the C þ5 n ¼ 7-6 transition for the studies reported here. Our custom highthroughput spectrometer measures the emission with good time resolution (100 kHz) but at only one spatial location. Profiles of velocity are compiled by averaging the data from several similar shots and then moving the light collection fibers between shots. Photon counting noise is reduced, and measurement precision is improved by rebinning the data and fitting the line shape with a time cadence of 0.1 ms.
The beam is injected radially from the outboard side along a line that is tilted at an angle of 22.5 relative to the horizontal as shown in Fig. 2 . The beam has low divergence and a minimum diameter of 3 cm at the point of best focus which corresponds roughly with the third solid circle from the outboard side in Fig. 2 . The measurement volume for CHERS is limited to the intersection of the viewing chord and the beam. Poloidal viewing chords are situated perpendicular to the beam, and the emission is viewed from above. The measurement region for these chords extends about 1 cm in the radial direction and 3-5 cm in the poloidal and toroidal directions depending on the beam diameter at the viewing location in question. The solid circles in Fig. 2 show the locations where poloidal flow was measured. Beam attenuation and divergence reduce the signal level for the most inboard chords but good measurements were obtained at all of the locations shown in the figure.
The locations where toroidal flow measurements were made are shown by the open circles in Fig. 2 . Toroidal viewing chords emanate from a single porthole displaced by a toroidal angle of 42 from the plane containing the beam and all poloidal viewing chords. 35 The toroidal viewing chord that intersects the beam on-axis is perpendicular to the beam while off-axis chords intersect the beam at angles that are slightly less than 90
. Since radial flows are very small, specifically near the plasma axis, and the projection of any radial flow onto the line of sight is even smaller, all toroidal viewing chords measure predominantly toroidal flow. The radial extent of the measurement volume for these chords is about 2 cm. Mechanical limitations do not allow toroidal velocity measurements farther from the axis at present.
For this paper, we will define the positive toroidal direction to be into the page in Fig. 2 and the positive poloidal direction to be clockwise in the same figure. In these coordinates, the toroidal plasma current is negative and the equilibrium toroidal magnetic field in the core is positive for our discharges. The toroidal ion velocity and mode phase velocity in the core are in the same direction as the plasma current, and the poloidal ion velocity near the axis is in the clockwise direction. The current and flow parallel to the equilibrium magnetic field are such that J Á B < 0 and v Á B < 0 in the core for these plasmas.
III. ABSOLUTE VELOCITY CALIBRATION
Although the CHERS system has been operational on MST for many years, the accurate absolute wavelength calibration needed for velocity profile measurements was achieved only recently. 39 The spectrometer used for the CHERS measurement 33 records the C VI line shape as a function of time by measuring the intensity at 16 different wavelengths across a 0.06 nm interval centered on 343.4 nm. Absolute wavelength calibration requires either a light source with well-known wavelength in this narrow range or a plasma measurement where the velocity (and hence Doppler shift) is known to be zero. We developed a custom light source with a ultraviolet light emitting diode and etalon to provide a known calibration line in the region of interest. After calibration with this source, we confirmed that the Doppler shift of the charge exchange emission is in fact zero for the velocity measurement in the poloidal plane that coincides with the magnetic axis. (This location is the fourth solid circle from the left in Fig. 2 .) The systematic uncertainty in the wavelength calibration is 60.003 nm which corresponds to a systematic uncertainty in velocity of 63 km/s.
One complication for CHERS measurements in MST is the existence of a large background signal. The background is due to a combination of O VI emission and C VI emission and is compensated for in every CHERS measurement using a slightly displaced viewing chord that passes just to the side of the neutral beam. 40 The background emission comes from a broad region throughout the plasma and is not suitable for absolute velocity calibration because the relative mixture of O VI and C VI is not well known and can change in time. During standard plasmas in MST, the contribution from O VI emission dominates due to the higher electron collisional excitation rate for O þ5 relative to C þ5 . In improved confinement PPCD discharges, the electron temperature increases substantially, and since O þ5 ionizes more readily than C þ5 , the O VI contribution to the background diminishes and C VI becomes dominant. The fine structure distortions to the line shape for O VI and C VI are slightly different; hence, when the relative strength of the lines varies, there is an apparent wavelength shift in the background emission even if the plasma is not moving. The shift results in an apparent change in velocity on the background view of up to 12 km/s if changes to the emission model are not taken into account in the fitting.
Fortunately, the charge exchange emission that is localized to the beam is dominated by C VI emission in all MST plasmas so uncertainty in the oxygen/carbon mix does not affect the interpretation of Doppler shifts from the active component of the emission. We have verified that Physics of Plasmas ARTICLE scitation.org/journal/php errors in the line shape model used to fit the passive background emission (e.g., errors caused by assuming O VI is dominant even when it is not) do not affect the compensation of the background in CHERS measurements. Hence, the inferred Doppler shift of the active charge exchange emission is robust to variations in the background emission model. The relative intensities of the charge exchange and background emissions do have a strong effect on the signal to noise ratio of the localized velocity measurement. Hence, the best absolute velocity calibration is obtained in high current PPCD plasmas where the background emission drops to a low value. Calibration using the measured wavelength of charge exchange emission from the magnetic axis during PPCD is simple to include in the run day and is now routinely performed. Figure 3 shows an example discharge used for velocity calibration. The inferred velocity from the active charge exchange component is shown in panel (a), and the charge exchange and background emission intensities are shown in panel (b) . Early in the discharge, the background emission is high and the charge exchange emission is relatively low. As PPCD progresses and confinement improves, the background emission drops and the charge exchange emission increases so that eventually they are comparable in amplitude. During this good confinement period, we set the measured velocity to zero. Typical uncertainties due to photon counting statistics are shown for three characteristic time points. Although the error bars overlap the zero velocity line at all times, the deviation from zero early in time illustrates the difficulty in achieving well-resolved velocity measurements when background emission is high. However, during the good confinement period, the calculated uncertainties from photon statistics, the observed scatter in the data itself from one time point to the next, and the systematic calibration errors are all consistent with an absolute velocity measurement that is trustworthy at the 63 km/s level.
IV. INTRINSIC ION FLOWS DURING IMPROVED CONFINEMENT
In this section, we describe the observed impurity ion velocity profiles and their time dependence in PPCD plasmas. The measurement locations will be given in terms of the distance away from the point where the beam crosses the midplane. This point is within 1-2 cm of the magnetic axis in MSTFIT reconstructions 41 of the magnetic equilibrium; hence, the r values in these plots can be interpreted as flux surface radii.
A. Flow profile measurements with CHERS
The toroidal velocity profile [ Fig. 4(a) ] is peaked on the axis and has a relatively broad profile early in time. The profile early in PPCD is inherited from the intrinsic flow drive that acts prior to the transition to good confinement and suggests a broad forcing profile coupled with large momentum transport prior to PPCD. The flow exhibits inboard-outboard asymmetry with inboard toroidal flows being higher than outboard flows. The reason for this asymmetry is not known at present. As PPCD proceeds, the toroidal velocity decreases at off-axis locations but remains nearly constant near the axis. As a result, a strongly sheared flow profile develops. The rate at which the off-axis flow decreases is not the same for all discharges. Figure 4 (a) shows the average behavior, taking into account shots that lock early in PPCD and those with only modest slowing down. The region where m ¼ 1 tearing modes are resonant is shaded in the figure, and we note here that those are the areas where the flow appears to decrease in time. The m ¼ 1, n ¼ 6 resonant surface shown in Fig. 2 is at the inner boundary of this shaded region around r ¼ 10-15 cm. There are no low order rational surfaces in the region near the axis where the toroidal flow persists during PPCD. We will return to this point later in the paper. The poloidal velocity profile is shown in Fig. 4(b) . The poloidal flows are weaker than the toroidal flows (note the difference in scale) and also exhibit the opposite form of inboard-outboard asymmetry. Outboard poloidal flows are stronger than inboard poloidal flows in the core. The poloidal flow on the outboard side reverses direction near the midradius but such a reversal is not observed on the inboard side within the radial extent of these measurements. It is possible that the flow does reverse at larger minor radius on the inboard side outside of our measurement area. Unlike the toroidal flow profile, the poloidal flow profile shows very little change in time during PPCD.
By combining poloidal and toroidal flow measurements from similar discharges, we can calculate the components of the flow parallel and perpendicular to the equilibrium magnetic field at each location
Here B, B / , and B h are obtained from MSTFIT reconstructions of the magnetic equilibrium constrained by total toroidal current, total toroidal flux, edge poloidal arrays of magnetic field coils, and 11-chord far infrared (FIR) polarimetery. 41 v h and v / are taken from Fig. 4 with v h positive and v / negative in our coordinate system. The resulting parallel and perpendicular flow profiles are shown in Fig. 5 . While the flow is primarily along the magnetic field in the core, the two components become comparable at the midradius. The parallel flow profile decreases in time at off-axis locations, similar to the toroidal flow. Perpendicular flows decrease to nearly zero during PPCD. This likely reflects a decrease in the ambipolar radial electric field that is responding to reduced electron transport from magnetic stochasticity.
B. Comparison to previous measurements of flows in the RFP
Before moving on, we will briefly comment on how our measured flow profiles compare with past measurements in the RFP. Passive Doppler measurements of impurity ion flows in PPCD were made in the past at low plasma current (200 kA) in MST. 8 Different impurity ions were used to provide some degree of radial localization but the radial emission profile for all lines became hollow during PPCD. The toroidal flows measured in this way decreased with radius, consistent with the localized measurements presented here. The passive Doppler measurements indicated that the toroidal flow decreased in time although movement of the emission profiles during PPCD and lack of good radial resolution made it difficult to tell if the flow at a given radial point was actually decreasing. Our localized toroidal flow measurements show that the flow does indeed decrease in time at most radii. The persistent and strongly peaked flow in the core that we report here was not observed in the previous line-average measurements because of the lack of sensitivity in that region.
The parallel flow profile in the core of standard MST plasmas (not PPCD) was reported previously 13, 29 and can be compared with our measurements early in PPCD before the onset of improved confinement. The previous measurements used Rutherford scattering 42 to obtain profiles of majority ion poloidal flows and used the rotation of the core-resonant m ¼ 1 tearing modes to infer the toroidal flow. (We examine the validity of using mode phase velocities as a proxy for ion flows in Sec. V.) The parallel flow obtained in this way was in the cocurrent direction in the core (regardless of the sign of J Á B) and reversed sign near the midradius. Our parallel flow measurements early in PPCD [ Fig. 5(a) ] are also cocurrent in the core and decrease to near zero at the midradius on the outboard side. Our poloidal flow measurements reverse sign at r ¼ þ30 cm [ Fig. 4(b) ]. Unfortunately, geometrical limitations on the toroidal view do not allow us to make localized toroidal flow measurements at r > 28 cm. However, assuming that the toroidal flow remains near zero at r ¼ þ35 cm, the reversed sign of the poloidal flow implies v Á B > 0 at that point, consistent with the sign reversal reported earlier for standard plasmas. It is much less clear that the parallel flow reverses on the inboard side of the machine but we cannot rule that out with the data we have.
The pressure profile of the carbon ions is fairly flat in the core of MST plasmas; 36 hence, the diamagnetic flows are small. This implies that the direction of the perpendicular flow should be indicative of the E Â B velocity due to the ambipolar radial electric field. Our measured perpendicular flows are in a direction consistent with a positive E r in the core throughout PPCD. [The v / B h term in Eq. (1) is larger than the v h B / term for all of our measurement locations.] This is consistent with radial electric field measurements inside the reversal surface in a number of RFP devices 11 and is as expected for a plasma where the stochastic magnetic field in the core favors more rapid electron losses relative to ion losses. As noted earlier, the observed decay of the perpendicular flow in our PPCD plasmas is consistent with the decay of this ambipolar electric field as should occur with the reduction of magnetic stochasticity during PPCD. Heavy ion beam probe measurements of electric potential in the core of similar PPCD plasmas show a decaying positive electric potential and hints of a decaying outward radial electric field as well. 43 
V. ION VELOCITY AND MODE ROTATION
The relatively quiet conditions during PPCD provide a good opportunity to compare the observed tearing mode rotation to the measured plasma flow. This provides a direct test of the no-slip assumption that the plasma and mode move together in the region around the mode resonant surface. The condition for mode resonance is k Á B ¼ 0. If the mode and plasma move together, then the frequency of the mode in the lab frame will be x ¼ k Á v. Since k is perpendicular to B at the resonant surface, one can see that x only depends on v ? . Flows along B propagate through the magnetic island structure, not across it, and therefore purely parallel flows at the resonant surface should not produce any apparent motion of the mode in the lab frame. Combining the equation for resonance with the equation for mode frequency leads to an equation for the toroidal phase velocity of the mode, v m,n , in terms of the plasma flows and equilibrium magnetic fields at the resonant surface
A key prediction of the no-slip theory is that the flows that matter are the ones at the resonant surface. Figure 6 shows the correlation between the measured phase velocity of the m ¼ 1, n ¼ 6 mode and the toroidal flow measured at different locations. The data include multiple shots and multiple time points within each shot. One can see that the ion flow and the mode velocity correlate well near the mode resonant surface (recall Fig. 2 ) but the correlate gradually gets worse as the distance from the resonant surface increases. The toroidal flow near the magnetic axis [ Fig. 6(c) ] seems nearly independent of the mode velocity. The dashed lines in the figure indicate a 1:1 match between mode phase velocity and toroidal flow. It is interesting that the mode velocity matches the toroidal flow alone near the resonant surface. Locations inside of this lie to one side of the 1:1 line and locations outside lie to the other side. This is somewhat surprising given that Eq. (3) predicts that the poloidal flow should also play a role in determining the mode phase velocity. Figure 7 shows the correlation between the measured phase velocity and the poloidal flow. As can be seen, the poloidal flow does not correlate well with variations in the mode velocity at any radius. Although we cannot measure toroidal and poloidal flow at the same time due to diagnostic limitations, it seems clear that the toroidal flow at the mode resonant surface is a better predictor of the mode phase velocity than the combination of toroidal and poloidal flows given in Eq. (3). Correlations with other mode numbers show similar results.
The close coupling between toroidal flow and mode velocity and the weak coupling between poloidal flow and mode velocity can also be seen in the time dependence of the flows on individual shots. Figure 8 illustrates this using two shots with very similar mode velocity evolution. The mode slows down rapidly in these shots, locking around 14 ms. The toroidal flow near the resonant surface [ Fig. 8(a) ] slows to a value consistent with zero, albeit with some delay relative to the mode. The delay may be related to viscous coupling between the plasma inside of the magnetic island and the surrounding plasma. Surprisingly, the poloidal flow near the resonant surface [ Fig. 8(b) ] remains nearly constant in time, consistent with the fixed poloidal flow profiles shown earlier. 
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Early work on tearing mode rotation in tokamaks implied that the tearing mode islands corotate with the electron fluid 14 and hence Eq. (3) may not strictly apply if the carbon ion flow is used. However, later theoretical work showed that the modes could rotate with the ions or electrons depending on the size of the islands and other effects. 44, 45 Experimental observations in the RFX reversed field pinch and DIII-D and JET tokamaks, for example, have confirmed that island propagation in the ion diamagnetic drift direction is common. 22, 25, 46 In our plasmas, as noted earlier, the carbon ion diamagnetic flow is very small in the core and the measured perpendicular flow of carbon ions decays away during PPCD. The electron and majority ion diamagnetic flows near the m ¼ 1, n ¼ 6 resonant surface are also expected to be fairly small in these plasmas. The smallness of all of these flows makes it difficult to say with certainty if the mode is comoving with the ions or electrons here. However, the correlation information and the rigidity of the poloidal flow seem to suggest that it is the toroidal plasma flow rather than the perpendicular plasma flow that better follows the mode rotation.
VI. MOMENTUM LOSS MECHANISM DURING PPCD
In Secs. IV and V, we have described the observations of flow profile evolution and the connection between the mode rotation and the flow. In this section, we investigate possible mechanisms for the slowing down during the good confinement period. For each mechanism, we perform a simple estimate of the time scale for slowing down for comparison with the experimentally observed time scale of 2-10 ms. We also look for correlation of the deceleration rate with observables that should be important for each proposed mechanism. Only the last of the mechanisms we describe satisfies both of these tests, i.e., it has the right slowing down time scale and the right scaling with key observables. This mechanism is the electromagnetic torque caused by eddy currents in the aluminum shell that are induced by rotation of the dominant m ¼ 1, n ¼ 6 mode.
The first mechanism we examine is the drag caused by charge exchange between plasma ions and neutral particles. 2 The 2D neutral deuterium density profile has been modeled using plasma density measurements from FIR interferometery, line-integrated D a emission on several chords, and the magnetic equilibrium provided by MSTFIT. A lower limit on the flow damping time is given by the inverse of the rate at which charge exchange reactions occur between ions and neutrals. This is a lower limit because it assumes that neutrals have no average flow and that neutral charge exchange products are promptly lost from the plasma. Both of these assumptions are probably false in MST but relaxing these would only make the damping time longer. The neutral density in the core of these plasmas is calculated to be n D $1 Â 10 14 m
À3
. The ion temperature is measured by CHERS to be T i ! 400 eV which implies the specific rate coefficient for charge exchange is hrvi $ 6 Â 10 14 m 3 =s. Hence, the time for slowing down by neutral drag is
This is much longer than the observed slowing down time.
Confirmation that neutral drag is not the primary slowing down mechanism is obtained by examining the correlation between the toroidal deceleration rate, À dv dt , and the D a intensity. We use a D a viewing chord with the impact parameter of r/a ¼ þ0.3 as a typical example here. The average deceleration rate is calculated by fitting a straight line to the n ¼ 6 mode velocity [see Fig. 1(c) ] during the time of good confinement when the mode is continuously slowing down. Figure 9 (a) shows that there is no observable correlation between the deceleration rate and the D a intensity. This confirms the conclusion based on numerical estimates of the slowing down time. Neutral drag is not the dominant mechanism in these plasmas.
During standard RFP plasmas, momentum transport has been shown to be consistent with what is expected from the motion of plasma particles in the stochastic magnetic field produced by multiple overlapping tearing mode islands. 16, 17, 47 Momentum transport due to stochastic magnetic fields has also been shown to be an important process in stellarators. 48 In stochastic magnetic fields, the momentum diffusion coefficient is equal to the magnetic field line diffusivity multiplied by the sound speed. The slowing down time scale can be written as
where Dr $0.4 m is the distance from the n ¼ 6 resonant surface to the wall, L c $10 m is the parallel correlation length, c s $ 3 Â 10 5 m/s is the sound speed, B 0 $ 0.5 T is the equilibrium magnetic field strength, and dB r is the radial magnetic field fluctuation amplitude in the stochastic region. The magnetic fluctuation amplitude in the core of these plasmas is B r $ 2 mT. Inserting this into Eq. (5) yields s stochastic $ 3 ms, on the order of the observed slowing down time. However, the mode spectrum is strongly peaked in these plasmas so that the total rms magnetic fluctuation amplitude is dominated by the n ¼ 6 mode. One large mode does not lead to stochasticity in the field and Physics of Plasmas ARTICLE scitation.org/journal/php hence the magnetic stochasticity may be better quantified by the amplitudes of the secondary n ¼ 7-10 modes. The rms average of the secondary mode amplitudes is given by
Using the secondary modes rather than the dominant mode gives B r $ 0.3 mT. Using this in Eq. (5), we obtain s stochastic $ 150 ms which is much longer than the observed slowing down time.
If the momentum transport resulting from a stochastic magnetic field were an important mechanism, we would expect the deceleration rate to correlate with the level of magnetic stochasticity and with the sound speed which in turn depends on electron and ion temperature. The stochasticity is determined primarily by the amplitude of the secondary modes, n ¼ 7-10. Figure 9 (b) shows that there is no observable correlation between the slowing down rate and the rms amplitude of the secondary modes defined in Eq. (6). Figures 9(c) and 9(d) show the correlation with maximum soft x-ray intensity (which is typically higher when electron temperature is higher) and ion temperature measured with CHERS. If the deceleration rate scaled with the sound speed, there should be a correlation here but there is not. This lack of correlation with secondary modes, electron temperature, and ion temperature, coupled with the numerical estimates above, implies that the stochastic momentum transport is not the dominant slowing down mechanism for the plasma as a whole. However, the residual stochasticity could still play a role in providing enhanced momentum transport in the midradius region where the islands overlap.
The reduction in magnetic stochasticity during PPCD strongly affects electron energy confinement which in turn affects the maximum electron temperature attained during PPCD. The global energy confinement time in these plasmas has been studied previously 30 and is on the of order s E $ 5 ms, similar to the slowing down time. If momentum transport correlates with energy transport, then one might expect to see the slowing down time correlate with the maximum soft x-ray intensity which is a crude proxy for the quality of electron energy confinement improvement. As already noted, Fig. 9(c) shows that there is no observable correlation between these quantities. Hence, although the global energy confinement time is of similar magnitude to the slowing down time, it does not appear that better energy confinement necessarily correlates with weaker deceleration rates.
The classical 49 perpendicular ion viscosity is given by
where x ci is the ion cyclotron frequency and s i is the ion-ion collision time. The ion collision time is sensitive to impurity densities and charge state populations which are not fully known in these plasmas.
The collision time for D-D interactions is s DD $2 ms. Impurities could enhance the effective collisionality somewhat but probably not by more than one order of magnitude. The time to damp the core plasma rotation by classical viscous coupling with the wall is then
Using the D-D collision time, this gives s vis $ 40 s so that even if impurities are included, the time is far too long to explain the observed deceleration. In addition, if classical viscosity is important, it is expected that the deceleration rate would correlate with the ion temperature but Fig. 9(d) shows that it does not. Furthermore, the behavior of the toroidal flow profile in time strongly suggests that the drag mechanism operates primarily near the mode resonant surfaces, and there is no reason to expect that the classical viscosity has this kind of radial structure. One mechanism does seem promising as an explanation for the observed deceleration, namely, the electromagnetic torque resulting from eddy currents generated in the aluminum shell by the rotating magnetic fluctuations. 20 This has been shown to be important during quasisingle helicity (QSH) discharges in MST where the dominant mode grows to large amplitude. 21 The strong mode growth observed in QSH plasmas does not occur in most of the discharges studied here but the eddy current mechanism can still be important, specifically if the intrinsic flow drive that normally operates in standard plasmas has been reduced or eliminated in PPCD. The eddy-current torque acts in the vicinity of the mode resonant surfaces and hence can explain the observed profile evolution including the lack of significant flow damping near the magnetic axis. The magnitude of the torque due to the n ¼ 6 mode has been estimated to be on the order of T em $ 1 Nm in these plasmas using Eq. (36) in Ref. 21 . If this torque is applied to an isolated toroidal shell of plasma with a thickness of $ 0.1 m located at the n ¼ 6 resonant surface, we would observe a deceleration time of s em $ 1 ms. Factoring in the interaction of this plasma shell with the If the eddy current explanation is correct, we expect there to be an approximately quadratic dependence of the deceleration rate on the dominant n ¼ 6 mode amplitude. This is because the torque on the plasma results from a j Â B force acting near the resonant surface. Figure 10 shows that there is indeed a strong correlation between the deceleration rate and the mode amplitude. The data are consistent with a quadratic dependence as shown by the fitted curve. The finite deceleration implied by the fit at zero mode amplitude may indicate the residual slowing down caused by other mode numbers. Taken together with the other evidence, this quadratic dependence strongly supports the conclusion that the eddy current drag is the dominant mechanism for the decay of the toroidal rotation observed in these plasmas.
VII. CONCLUSION
We have described the first localized flow profile measurements by charge exchange recombination spectroscopy (CHERS) in a reversed field pinch. The new capability is a direct result of recent improvements in absolute wavelength calibration that are robust and relatively simple to implement on a daily basis. We have applied the new capability to improved confinement plasmas that make use of the PPCD technique for magnetic fluctuation reduction. The measurements show that the ion flow in MST is primarily parallel to the mean magnetic field in the core and is peaked on the axis. As PPCD proceeds and the plasma confinement improves, the toroidal flow in much of the plasma gradually slows, coincident with the slowing of the dominant tearing mode rotation and consistent with the lack of substantial intrinsic flow drive. A small region near the magnetic axis does not slow down, resulting in the development of a strongly sheared flow profile near the axis.
We have directly examined the connection between tearing mode rotation and ion flows in these discharges and find that the mode rotation is strongly correlated with the ion flow at the resonant surface and weakly correlated with the flow away from the resonant surface. The mode rotation is much better correlated with the toroidal flow than with the poloidal flow which is largely unaffected during the slowing down of the modes and toroidal flow. We evaluated neutral particle drag, momentum transport due to magnetic stochasticity, and classical viscosity, and found that none of them are good candidates for explaining the observed loss of momentum during PPCD. Instead, the best explanation is a drag on the plasma produced by eddy currents in the conducting shell associated with the rotation of the dominant tearing mode. Residual magnetic stochasticity may play a secondary role in distributing this momentum loss to the plasma around other nearby resonant surfaces.
Theoretical work on intrinsic flow drive in the RFP context is not highly developed and would be helpful for making a bridge between what is observed in the RFP and other devices like tokamaks and stellarators. For example, it seems experimentally that the kinetic stress is the likely source of momentum in the core of standard RFP plasmas. 29 It is not clear, however, exactly how this stress arises, how it scales with plasma and machine parameters, and in what other situations outside of the RFP it may be important. The theory is much better developed for the interaction of the tearing modes with the plasma flow and with the conducting shell. Although there are some differences, much of the physics that applies to mode rotation in the RFP also applies to tokamaks and similar devices. For example, the eddy current drag that appears to dominate here in PPCD plasmas is a common momentum loss mechanism in other plasmas with a conducting shell. More detailed modeling of mode and plasma flow behavior in PPCD may help to refine these models.
Computational studies of intrinsic flow drive and momentum transport in the RFP are also quite limited. A few recent single and two-fluid simulations of RFP plasmas have moved somewhat in this direction by examining the Maxwell and Reynolds stresses due to tearing fluctuations and the subsequent effects on the momentum density profile. 19, 50, 51 With the reduction in fluctuations during PPCD, these stresses are greatly reduced and possibly insignificant. However, prior to PPCD onset, these stresses can be strong and they combine with other intrinsic flow drivers (like the kinetic stress) to set the initial flow profile heading into PPCD. In two-fluid simulations with no initial flows, 19 a sheared parallel momentum profile is produced during periods of strong fluctuation activity. The direction of the resulting parallel flow in the core of the simulations is in the countercurrent direction, inconsistent with the parallel flows reported here and elsewhere for RFP experiments. Hence, as the authors of that study note, the Maxwell and Reynolds stresses caused by the tearing modes flatten the parallel momentum profile during periods of high fluctuation activity but they are not responsible for driving the peaked parallel momentum profiles observed in the experiment.
In the future, it would be interesting to apply the localized flow measurements to standard RFP plasmas and try to gain additional insight into the radial profile and scaling of the intrinsic flows with magnetic fluctuation level. It would also be interesting to develop a better understanding of the inboard-outboard asymmetries in the flows and the reasons why the poloidal flow profile appears to be so rigid in time in these plasmas while the toroidal flow is not. The strong connection between tearing mode velocity and plasma flow has already been exploited in several devices to control plasma rotation and to do perturbative experiments that enable studies of momentum transport. 17, 52 It would be interesting to see to what degree this could be used with active multimode feedback to shape the flow profile and open new avenues for controlling transport. 
